Humic substances are heterogeneous mixtures of naturally occurring large molecules in soils, waters, and sediments. 1 Among these, humic acid (HA) is an insoluble material with an acidic pH and is soluble in alkaline solutions. Humic compounds are produced primarily by abiotic reactions of relatively small molecules, such as lignins, lipids, and carbohydrates from plant and microbial biopolymers involving direct conversion; these abiotic reactions are then followed by degradation. 2 The Ariake Sea, which is a typical semi-closed bay located at Kyushu Island in Japan, has a maximum tidal range of about 6 m during the spring tide, and has a vast tideland area covered with several living organisms that are unique in Japan. 3 The unique living systems of this area are likely to be influenced by the circulation of organic and biological compounds from a combination of marine algae and other marine microorganisms that are produced and metabolized. Concerning this area, fishery depression caused by environmental pollution has recently become a problem. 4 The HA in coastal sediments is thought to share most of its major characteristics with terrigenous HA. However, if the circulation of seawater and coastal sediments is sufficiently extensive, the HA in coastal regions would be expected to share some characteristics with the HA in the seawater. Differences between seawater HA and terrigenous HA have been identified and discussed in the literature. [5] [6] [7] [8] The differences between the two types of HA, as proposed by such studies, appear to be quite significant. The mixing and interaction of terrigenous HA and the HA in seawater can be observed by the precise analysis of samples in a relatively large tideland field.
The HA in coastal sediments is thought to share most of its major characteristics with terrigenous HA. However, if the circulation of seawater and coastal sediments is sufficiently extensive, the HA in coastal regions would be expected to share some characteristics with the HA in the seawater. Differences between seawater HA and terrigenous HA have been identified and discussed in the literature. [5] [6] [7] [8] The differences between the two types of HA, as proposed by such studies, appear to be quite significant. The mixing and interaction of terrigenous HA and the HA in seawater can be observed by the precise analysis of samples in a relatively large tideland field.
Humic acid is a ubiquitous compound, and is abundant in soil and in the surface sediment of coastal regions. Thus, the structural characteristics of humic acid provide general information about the environment of the river basin and the coastal region; these characteristics can therefore be used as a general environmental indicator (such as pollution, civilization effects, and the bacterial activity of a particular region). However, the structural complexity of HA as well as the nature of the mixture of macromolecular compounds in HA and the low solubility of the material served as factors hindering structural investigations of HA for the purpose of larger environmental studies.
The present study was intended to be used the HA in the tideland as a record of the present environment and further, an environmental indicator of this region (the tideland and coastal region) of the world generally. For this purpose, the humic acid was extracted from the estuary of a river emptying into the Ariake Sea; the structural features of HA in the tideland were then analyzed.
Experimental
Samples were collected on 6 August 2001 (HY0108) and 23 February 2002 (HY0202) from the coastal region (about 2 m from land) of the Hayatsuegawa-river heading toward Ariake Sea (33˚ 09′41″ N, 130˚ 19′58″ E). The surface sediment (0 -40 cm) was collected and frozen before use. The samples were dried and the HA was extracted using the IHSS method. 9, 10 Aldrich Humic Acid (in sodium salt form) was converted as a free acid before use. The Dando HA (soil HA standard of Japan brown forest soil) was purchased from the Japan Humic Substances Society and used directly.
1 H NMR was measured with a JEOL EX-90 (90 MHz) with a 1 M NaOD solution (20 mg HA each). An external standard with a D2O solution of sodium 3-(trimethylsilyl)propionate-2,2,3,3-d4 was used. FT-IR spectra were obtained using a Perkin-Elmer 1600 spectrometer according to the KBr cell method. Pyrolysis(Py)-GC was carried out using a Hitachi GC-6000 gas chromatograph and a HB-5 column (0.25 µm × 30 m) connected to a JHP-3 Curie point pyrolizer and an FID detector or a JEOL JMS-D-300 mass spectrometer. The chromatographic conditions were as follows: the oven temperature was programmed from 50˚C to 300˚C at a rate of 5˚C per minute (injection temperature 280˚C and detector temperature 280˚C). Direct pyrolysis was performed as follows: 1 mg of an HA sample was wrapped with pyrofoil and heated at 590˚C under a helium atmosphere for 5 s. The intensities of the observed peaks were small with lower and higher temperatures of pyrolysis. Methylation-pyrolysis was performed as follows: 0.5 mg of an HA sample was placed on a pyrofoil and 5 ml of a 20% water solution of tetramethylammonium hydroxide (TMAH) was added; the mixture was heated on a heating plate at 60˚C for 15 min. Then, the samples were treated as well as direct pyrolysis described above. Peaks obtained from Py-GC were partially assigned by the retention time with references, 11-13 our previous Py-GC and Py-GCMS data for HA from Hakata Bay, 14 and the co-injection of standard compounds.
Results and Discussion

Elemental analysis
The elemental composition of HA is among the least ambiguous average properties, and provides an estimate of the major structural features of HA. 15 At first, the TOC (total organic carbon contents) of the sediment was observed immediately by the analysis of dried samples by washing with 1 M HCl and 2.4% for HY0108, 1.4% for HY0202. Table 1 presents the results of the elemental analysis and the atomic ratio of the HA samples.
In the HY0108 and HY0202 samples (Table 1) , the H/C ratios were 1.32 and 1.21, respectively, which were slightly higher than Dando (brown forest soil in Japan) HA. The lower H/C value in the Ariake HA was almost that of Dando HA. Beizile et al. 16 found that humic substances in lake sediments were originated from organic matter from aquatic organisms and from other types of organic matter which was washed into the lake from surrounding soil and streams. And these humic substances were found to have H/C values greater than one.
The O/C ratios were 0.54 and 0.63. These values were almost the same, but slightly higher than, Dando HA. Belzile et al. 16 and Lu et al. 13 observed that organic materials that were relatively high in O-alkyl and carboxylate would result in high O/C ratios. Compared with the reported H/C and O/C ratios from several terrigenous and marine HA samples, HA in the tideland was found to have properties that fall somewhere between those of marine HA and those of terrigenous HA. 12, 13, 17, 18 The C/N ratio of HA in the tideland (HY0108 and HY0202), which may indicate the proteinaceous moieties of HA, has similar values to that of terrestrial HA. The C/N ratio of vascular land plants is higher than the ratio of aquatic (nonvascular) plants. 17 The C/N ratio in this study (found to be 11.2 in HA in the tideland sediment) was somewhat lower than that of standard soil HA (13.68), perhaps due to aquatic plants in the water.
IR spectra
These spectra show a strong band around 3400 cm -1 , which is characteristic of hydrogen bonded-OH and COOH residues. Sharp, strong absorption bands at ∼2950 cm -1 , indicating aliphatic C-H stretching, were observed. A band was also observed at ∼1700 cm -1 , which is associated with COOH and COOR (and ketone C=O) carbonyl residues. A band found at 1650 cm -1 was assigned to the aromatic soluble bonds of C=C conjugated with C=O or COO -, or to unsaturated ketones. These functional groups were abundant in all of these types of HA. A peak at 1650 cm -1 overlapped with the amide I band, and the peak from 1520 to 1540 cm -1 was due to the amide II band. These assigned and attributed bonds and functional groups were all found in soil HA.
IR spectral comparison is among the well-established methods for the analysis of terrigenous and marine HA. The degree of difference in the C=O carbonyl band and the aromatic C=C band is a key feature to compare the relative amounts of the major components found in marine HA (carboxylate C=O) and terrigenous HA (aromatic C=C from lignin). 19 Extracted HA in the tideland was rich in C=C aromatic bands. This finding indicates that this HA shares to a large extent the characteristics of terrigenous HA. On the other hand, the amide II band was relatively strong for HA in the tideland, compared with Dando (soil) and Aldrich (peat) HA. Therefore, these results suggest that some marine HA components were also present in tideland HA.
H NMR study
The spectra of each of the samples (Aldrich, Dando, HY0108 and HY0202) are shown in Fig. 1 . The proton signals from the 0 to 2.5 ppm region were assigned to the aliphatic protons, and the 2.5 to 4.5 ppm protons were attributed to protons attached to carbons that were bounded to a hetero-atom. The relatively sharp peak at 0.7 ppm was probably the terminal methyl carbon of the straight-chain carboxylate and hydrocarbon residue. The peak at 0.9 ppm was attributed to the branched methyl proton; In all samples, the ash contents were below 0.2%. The Dando humic acid was kindly provided by the Japan Humic Substances Society. Aldrich humic acid (sodium salt) was converted as free acid and desalted along with IHSS soil humic acic preparation. Integrated regions were settled as follows; aliphatic region (0.5 to 2.3 ppm), X-CH region (2.5 to 5.0 ppm), aromatic region (6 to 8.5 ppm).
also, the presence of an iso-and anteiso-carboxylate and phytyl (saturated isoprenoid) residue was suggested from these peaks in tideland HA. The signal between 1.1 to 2.5 ppm was from the internal methylene and methyne protons in the hydrocarbon and carboxylate residues, respectively. The 2.5-to-4.5 ppm region included a broad peak (∼3.5 ppm at the top), which was attributed to the large variety of O-and N-substituted compounds in HA. The protons of carbohydrates, and α-protons of ethers, amino acids, and peptides were included in this peak area. Among these peaks, the highest peak was observed at 3.5 ppm, and the presence of carbohydrate was considered to be responsible for the majority of these peaks. These results were also observed in the 1 H NMR of soil and marine HA. Finally, the peaks from 6 to 8.5 ppm were almost all attributed to the resonance of the aromatic region of the proton. [20] [21] [22] The aromaticity of HA was calculated from a comparison of the resonance of the whole proton and this component in previous studies of the 1 H NMR of HA of various origins. The data from our HA in the tideland were compared with data from the literature on aromaticity ( Table 2) . The 1 H aromaticities of HA in the costal region of New York, a mangrove lake, and several terrigenous HAs has been reported. [20] [21] [22] [23] The 1 H aromaticities of coastal region marine humic acids and mangrove lake HA showed values ranging from 2.0 to 7.1. On the other hand, the 1 H aromaticity of terrigenous HA ranged from 17 to 35. The HA from the tideland was between the value of terrigenous HA and marine HA (of shallow origin) (9.3 and 9.4), respectively. One explanation for these findings is that the sediment in the tideland was carried from the upper region of the land, such that the "soil humic acid" character was preserved. However, a relatively sharp and strong signal was observed in the methyl region in the 1 H NMR. The intensities in the aliphatic region in the 1 H NMR of HY0108 and HY0202 were higher than the corresponding signals in Dando (brown forest soil) and Aldrich (peat) HA. The method for calculating aromaticity in the 1 H NMR spectra may have led to the conclusion that the aromatic portion in HA was generally highly oxidized, and therefore only a small number of the protons were observed. Thus, the change in 1 H aromaticity was significantly influenced by the presence of only a small percentage of the aliphatic compounds. Nevertheless, the ratio of hydrogen to hydrocarbon, the hydroxyl group-linked carbon, and the aromatic carbon in HY0108 and HY0202 were similar to those of the terrigenous samples, and HY0108 and HY0202 were very rich in hydrocarbon residues. These properties of the HA in the tideland reflected the incorporation of hydrocarbons and longchained alcohols from terrigenous plants and algae, or carboxylic acid from microorganisms in the river and sea. From the IR measurements and Py-GC observations, the incorporation of lipid from plants and microorganisms is thought to be the main reason for the enrichment of the hydrocarbon residues in the 1 H NMR in tideland HA.
Direct pyrolysis-GC experiment
Pyrolysis-GC (Py-GC) analysis is the most powerful tool for solvent insoluble high-molecular-weight polymers, such as synthetic polymers, lignins, kerogens, as well as humic substances. Therefore, Py-GC and Py-GCMS analyses of soil humic substances and organic particulate in water have been extensively performed. 11, [24] [25] [26] However, there are few studies at the case of salty swamp HA. Thus, analyses of Hayatsue tideland HA (HY0108 and HY0202) and comparison with Aldrich, Dando HA at our experimental conditions were performed.
The resulting chromatograms are shown in Fig. 2 . With the Aldrich HA (chromatogram C), as with the peat HA, the sequential hydrocarbon (alkane and 1-alkene) fragments were the main fragments at pyrolysis. From the chromatogram of Dando HA (chromatogram B), aromatic compounds (toluene, xylene, and phenol, cresol, etc.) were primarily observed at around 3 to 15 min (retention time), and longer hydrocarbon residues (< C14) were also observed at over 20 min on the chromatogram under our experimental conditions. In chromatogram A from HY0108, the main peaks observed resembled soil HA, particularly at around 20 min, but long hydrocarbon residues (> C14 alkane and 1-alkene) and prist-1-ene were clearly observed. Evident peaks of hydrocarbon residues in HA from the tideland, HY0108 (chromatogram A), were observed from the C14 alkane and 1-ene, and were characteristic at C14, C15 and C16. A small amount of the C17 alkane and 1-ene and longer hydrocarbons were observed in the chromatogram of HA from the tideland. On the other hand, alkane and 1-ene were also observed in the terrigenous HA, but the set of C14 and C15 alkane and 1-ene were observed only in trace amounts, and the C16 alkane and 1-ene and the longer hydrocarbons were observed at samples from lower levels than in the tideland HA. Other unidentified peaks at 25 to 35 min under these conditions were probably primarily long-chain, branched hydrocarbons; these peaks were clearly seen in the trace of the chromatogram of HY0108 (A). The original HA before pyrolysis was derived mainly from terrigenous HA and was rich in carboxylate. The present results suggest that HA in tidelands is a mixture of marine HA and terrigenous HA, or, is based on terrigenous HA and the lower part of the river and coastal region (at tideland) of the water enriched carboxylate from the microorganisms.
Methylation-pyrolysis-GC analysis
In situ methylation-pyrolysis-GC analysis with tetramethylammonium hydroxide (TMAH) is also a powerful tool for the structural analysis of humic substances; many researchers have been applied this method for the analysis of their samples. [27] [28] [29] Chromatograms of methylation-Py-GC analyses are shown in Fig. 3 . According to the analysis of tideland HA (HY0108), the C14 to C18 carboxylate (see Fig. 3 , A) were the main carboxylate residues. C19 carboxylate was not observed under these conditions from any of the samples, and C19 carboxylate (free acid) was therefore added to the HA samples before derivatization, and was therefore used as an internal standard. All of the carboxylate peaks were 2 -3 times higher in the tideland HA compared with those of Aldrich HA and Dando HA. Among these carboxylates, the branched C15 carboxylates (iso-and anteiso-carboxylate) were characteristic. The existence of straight-chain carboxylate has been observed by several authors in studies of soil HA. On the other hand, branched carboxylate residues were not observed in many cases of analyzing HA in soil, peat, coal, and river DOM; in contrast, straight-chain fatty acids (saturated and unsaturated) have been detected in methylation analyses of humic acid. 29 In our study, a small amount of branched carboxylate at C15 was observed in soil and peat HA samples. However, the corresponding amounts in the tideland HA were about 6-times higher.
Branched chain fatty acids have been reported to be the main constituent of fatty acids in some marine bacteria. In the surface sediment of a lacustrine of this brackish lake, Lake Suigetsu in Japan, iso-and anteiso-C15 carboxylates were the main components of the extractable organic acids from the surface (0 to 15 cm); these compounds were present in smaller amounts in lower layer (100 to 200 cm) sediment. 30 Cranwel suggested that bacterially-derived short-chain branched fatty acids of productive lakes result from the microbial decomposition of autochthonous detritus. 31, 32 Thus, the incorporation of such acid residues in HA occurred in coastal regions with marine or aquatic bacteria or autochthonous detritus around the tideland.
Thus, enrichment with these branched acids suggests that humic acid in the coastal sediment of the Ariake Sea consisted of organic compounds from microbial metabolic pathways at the upper region of the river and, in particular, in coastal regions.
In this study, humic acid samples from the tideland, i.e., estuary sediment of a river that empties into the Ariake Sea, were collected, analyzed, and compared. The HA from the tideland had major characteristics similar to those of terrigenous HA, but some characteristics associated with marine HA were also observed. Esteves et al. recently discussed the difference between humic substances from rivarine, estuarine, and marine environments using fluorescence spectroscopy. 33 Their data demonstrated that rivarine and estuarine fulvic acid had higher contents of fluorophore (probably a polyaromatic compound), and estuarine fulvic acid had intermediate characteristics in terms of its content of flourophore with respect to rivarine and marine fulvic acid. Our results regarding the HA in tidelands are consistent with their observations of estuarine fulvic acid. Furthermore, our study revealed that the organic components leading to the marine HA character were the C15 to C17 straight and branched carboxylates from methylation-pyrolysis.
The reason for these characteristic features is thought to be a result of one or both of the two following mechanisms. First, the tideland humic material was created by the mixing of humic material in the coastal region, and terrigenous humic material would then by expected to lead to the cross-linking of marine and terrigenous humic materials at a molecular level. Next, the addition of carboxylates and several aliphatic compounds produced from benthos in the tideland sediment to the terrigenous humic material carried from the upper region of the river, as well as the contribution of the sediment in the region, led to the intermediate structural features of the HA in the tideland. A clarification of the pathway of formation of tideland humic material requires a precise analysis of the structure of HA in the tideland.
These results indicate that the coastal humic substances of this area are the result of rich biodiversity and microbial activity and large tides, which serve to transport the marine organic substances and breed numerous microorganisms; humic substances in these regions are thought to be formed from terrigenous HA carried from the upper regions of rivers and the lipids derived from algae and microorganisms living in the area.
In this study, the characteristics of humic acid in the surface sediment of the Ariake Sea tideland were identified. However, the present observations are not sufficient for a general understanding of the structure and roles played by organic matter in tidelands; when available, such information could eventually be applied as an indicator of the microbial activity of the environment in the area. Observations of seasonal changes, and differences between narrow regions (i.e., extending from freshwater to the sea in this Hayatsue field, and other places of the Ariake Sea tideland), and large regions (other area of tidelands in Japan) are needed. Studies investigating these differences are currently underway.
